for a given data set, or whether reticulations in the form of gene flow or lineage merging are 7 3 more appropriate (see below) (MORET et al. 2004; JACKSON et al. 2017 ; BURBRINK AND 7 4
GEHARA 2018). Meanwhile, skeptics of the MSC and advocates for simpler models, 7 5
particularly concatenation models, have raised critical questions about appropriateness of the 7 6
MSC and argued that observed gene tree variation is often not caused by ILS, but instead by 7 7
gene tree estimation errors (SPRINGER AND GATESY 2016; SCORNAVACCA AND GALTIER 2017; 7 8 RICHARDS et al. 2018) . Given the inconsistency of concatenation methods under some 7 9
regions of tree space in which coalescent methods of tree building are still consistent (LIU et 8 0 al. 2010) , to many researchers it is the convincing evidence to choose coalescent over 8 1
concatenation methods for species tree inference. However, since the mathematical proofs or 8 2 simulations for inconsistency of concatenation methods assume that the MSC model is true Discussions about the necessity or adequacy of MSC models versus concatenation 8 9
have taken three principle forms. One form involves questioning the phylogenetic signal in 9 0
data sets designed for application of the MSC. For example, several authors have suggested 9 1
low or negligible. The problem with this logic, however, is that gene tree variation is only 9 8 one motivation for MSC models. The other, more fundamental, motivation for MSC models 9 9
is the conditional independence of loci in the genome, wherein recombination and random 1 0 0 drift render the topologies, but more often the branch lengths of different loci independent of 1 0 1 one another, conditional on the species tree, which necessarily influences the shape of all 1 0 2 gene trees in the genome (EDWARDS et al. 2016) . This point leads to the second common 1 0 3 argument against MSC models: that violation of MSC model assumptions, such as evidence 1 0 4
for recombination within loci or lack of recombination between loci or violations of 1 0 5 neutrality, render MSC models poor descriptors of actual data sets, again recommending 1 0 6 concatenation or other approaches as more robust alternatives (GATESY AND SPRINGER 2014; 1 0 7 SCORNAVACCA AND GALTIER 2017). Again, however, demonstration of violation of a model's 1 0 8
assumptions does not necessarily imply that that model is not a reasonable, or even the best 1 0 9
available, description of the data. Indeed, we know of no violation of assumptions of an MSC 1 1 0 model that is not also a violation of the concatenation model, especially since the 1 1 1 concatenation model is best described as a special case of the MSC model, wherein all gene 1 1 2 trees are topologically identical (LIU et al. 2015) . 1 1 3
A third approach to deciding whether MSC, concatenation or other models might best 1 1 4 apply to a given data set is testing for model fit and model adequacy (BROWN AND THOMSON 1 1 5 reasonable and suggest that it may have been overly pessimistic. First, they definitively 1 2 3 rejected the fit of the MSC at the level of gene trees for only 4 out of 25 data sets, and only 7 1 2 4 total loci (2.9%), hardly suggesting that poor fit at the level of the coalescent is "widespread". 1 2 5
Reid et al. (2014) also suggest that a large percentage of partitions or loci in data sets, 1 2 6 sometimes as high as 50%, violate the MSC; but the largest data set in their analysis 1 2 7 consisted of only 20 loci, with 15 out of 25 data sets consisting of less than 10 loci, thereby 1 2 8
possibly exaggerating the extent of violations of the MSC. Many of these rejections were 1 2 9
based not on a poor fit of coalescent assumptions but on deviations of the loci from assumed 1 3 0 substitution models, which is hardly a direct rejection of the MSC itself. In several cases, 1 3 1
Reid et al (REID et al. 2014) were unable to distinguish whether the MSC was a poor fit due 1 3 2
to analyses at the level of estimating gene trees and substitution models or at the level of the 1 3 3 coalescent model itself. Additionally, their use of a χ 2 test for comparing the observed site 1 3 4 patterns with those expected from the assumed substitution models could not accommodate 1 3 5 missing data, making this aspect of their model testing problematic and raising the possibility 1 3 6 that different substitution models could improve model fit. Moreover, several of the data sets 1 3 7
in their analysis can be reasonably thought of as phylogeographic data sets (e.g., Leache 1 3 8
(2009) and Walstrom et al. (2012) ), in which gene flow is likely or expected, rather than 1 3 9 phylogenomic data sets, in which gene flow is less expected or unexpected. Arguably, none 1 4 0 of the data sets they analyzed could be called robustly phylogenomic in the modern sense: 1 4 1 addressed by a likelihood ratio test (LRT), where the null hypothesis is that all loci have the 1 7 4 same tree topology (but possibly different branch lengths) versus the alternative hypothesis 1 7 5 that allows gene tree variation across loci (testing TC gene trees; Figure 1 ). We addressed 1 (REID et al. 2014 ). However, the posterior gene trees generated with a coalescent prior are 1 8 8 biased towards the MSC, especially when the alignments lack phylogenetic signal and 1 8 9
Bayesian inference of gene trees is primarily driven by the coalescent prior. Validation 1 9 0 analysis should instead compare the simulated gene trees with empirical gene trees estimated 1 9 1 of doublet frequencies between pairs of species, a pair of species was significant if its p-value 2 9 8 was less than 0.05 divided by the number of pairs. A locus was significant if it has at least 2 9 9 one significant pair. The bootstrap and two marginal tests were applied to each locus of the 3 0 0 47 data sets. A locus waas significant if any of above three tests was significant for the locus. 3 0 1
Testing for topologically congruent gene trees 3 0 2
We ask the question whether a single gene tree topology can adequately explain a 3 0 3
given multilocus data set, using a variant of the LRT. parameters on a fixed tree topology was performed in RAxML using the command line 3 2 7
"raxml-HPC-AVX -s datafile -m GTRGAMMA -n outputfile -f e -t fixtree". To find the log-3 2 8
likelihood of the alternative hypothesis, maximum likelihood trees were independently built 3 2 9
for individual loci using RAxML. sets is insufficient for filtering out the unfit loci, selection of loci that fit the substitution 3 7 7
model was only performed on 22 reduced phylogenomic data sets. After locus selection, 9 of 3 7 8
22 data sets had ≤ 3 loci that fit the substitution model and thus they were removed from 3 7 9 further analysis. We then randomly selected 50 loci from the remaining 14 phylogenomic phylogenomic data sets, to reduce the effect of substitution models on the overall fit of the 3 8 8
and used as input for Bayesian model validation. The first test of Bayesian model validation 3 9 7
was conducted using the R package starbeastPPS (2014). To perform the second test, 39 3 9 8
input data sets were re-analyzed by unlinking the substitution models, clock models, and trees 3 9 9
across loci in BEAST, which produced posterior gene trees independently across loci without 4 0 0
the MSC prior. The 99.9% credible region of the difference between the log-likelihoods of 4 0 1 the independent and coalescent models was calculated in R. The two tests were also applied 4 0 2
to each locus to identify gene trees that significantly deviate from the MSC model. 4 0 3
To evaluate the effect of loci rejecting the MSC on species tree estimation, species trees 4 0 4
were built from all loci and only loci that did not reject the MSC for each of the 14 analyses assumed a partition model by unlinking substitution models and clock models across To demonstrate that model assumptions may influence species tree inference, we 4 3 7 reconstructed species trees for 5 phylogenomic data sets using concatenation and a coalescent 4 3 8 method (NJst). In addition, we subsampled 25%, 50%, and 75% of loci from the original 4 3 9
phylogenomic data, and compared the species trees built from the subsamples with those for 4 4 0
the full phylogenomic data. The concatenation trees were estimated by RAxML with the 4 4 1
GTRCAT model. The NJst trees were built using the function sptree.njst() in an R package 4 4 2
Phybase. We calculated the bootstrap support values for each estimated species tree. Two 4 4 3 estimated species trees are said to be significantly incongruent if two trees have a conflict
and we reported the proportion of subsamples (out of 10) for which the estimated species tree 4 4 6
was significantly incongruent with the species tree built from the full phylogenomic data. 4 4 7 4 4 8
RESULTS

9
Goodness of fit of substitution models 4 5 0
There was a total of 20,032 loci (CDS, UCEs or exons) throughout the 47 empirical 4 Figure 2a ) for which at least one sequence 4 5 4 significantly deviates from the average base frequencies expected from the GTRGAMMA 4 5 5
model. The doublet test indicated that 6,990 (35%) loci/alignments (or 51% loci per data set 4 5 6
in Figure 2a ) have at least a pair of species whose doublet patterns are significantly different 4 5 7
from the patterns expected from the GTRGAMMA model. The marginal test favors complex 4 5 8
substitution models, because a complex model has a higher likelihood than a simple model, 4 5 9
indicating that the expected frequencies under the complex model are more consistent with 4 6 0 the observed frequencies of site patterns in the alignments. Thus, rejection of the 4 6 1
GTRGAMMA model suggests that a more complex substitution model should be fit to the 4 6 2
data. In the bootstrap test for site patterns, the GTRGAMMA model fails to fit the alignments 4 6 3 of 5,718 (24%) loci across the 47 data sets (or 34% of loci per data set in Figure 2a ). The 4 6 4 doublet test appears to be more likely than the bootstrap test for site patterns to reject the 4 6 5
GTRGAMMA model (Figure 2a ), indicating the necessity of marginal tests for goodness of 4 6 6
fit of substitution models. Because the doublet test is more likely to reject the GTRGAMMA 4 6 7 model than the other two tests, the intersection test (the intersection of three tests, i.e., at least 4 6 8
one of two marginal tests and the bootstrap test reject the GTRGAMMA model) appears to 4 6 9 be primarily driven by the doublet test (Figure 2a ). Overall, nearly half of the alignments 4 7 0
(8,775 loci or 44%) were found significant (p-value < 0.05) in the intersection test, and the 4 7 1
proportion of significant loci identified by the intersection test ranges from 6% to 100% 4 7 2 across the 47 data sets (Figure 2a ). A two-sample t-test finds no significant difference in the 4 7 3
proportion of loci rejecting the GTRGAMMA model between the 25 Reid et al. data sets and 4 7 4
the 22 phylogenomic data sets ( Figure 2b ). 4 7 5
To understand the causes of poor substitution model fit, we investigated the 4 7 6
relationship between GC content (and proportion of informative sites) and the rejection of the 4 7 7
GTRGAMMA model. A two-sample t-test suggests that the proportions of GC content and 4 7 8
informative sites of loci rejecting the GTRGAMMA model are significantly higher (p-value 4 7 9 < 0.05) than those for loci that fit the GTRGAMMA model ( Figure 2c-d ). We fitted a logistic 4 8 0 regression for all loci across the 47 data sets, where non-significance (0) or significance (1) 4 8 1 of a locus in the intersection test is the binary response variable, and the proportions of GC 4 8 2 content and informative sites are two explanatory variables. In the fitted logistic regression, 4 8 3 the coefficients of two explanatory variables are significantly negative with p-value < 0.01. 4 8 4
We further fit a logistic regression to each of the 47 data sets. The coefficient of GC content 4 8 5
is negative/positive for 29/18 data sets, among which 6/1 negative/positive coefficients are 4 8 6 significant at the α level of 5% (Figure 2e ). Similarly, the coefficient for the number of 4 8 7
informative sites is negative/positive for 33/14 data sets, among which 14/0 negative/positive 4 8 8
coefficients are significant (Figure 2e ). The preponderance of significantly negative 4 8 9
coefficients indicates that GC content and the number informative sites are both negatively 4 9 0 correlated with the probability of a locus rejecting the GTRGAMMA model, i.e., a higher GC 4 9 1 content and/or proportion of informative sites tends to increase the chance of a poor fit of the 4 9 2
GTRGAMMA substitution model.
The LRT for TC gene trees rejected the null hypothesis of tree congruence for all 47 4 9 5 empirical data sets with p-value < 0.05. Thus, all empirical data sets in this study strongly 4 9 6
favor the alternative hypothesis of incongruent gene trees, a pattern that cannot be adequately 4 9 7
explained by gene tree estimation errors. The p-values of the data sets with 10 or more loci 4 9 8
are very close to 0, indicating that the assumption of TC gene trees is rarely satisfied for 4 9 9
phylogenomic data, which often involve thousands of loci. loci suggests that 38% of gene trees across 47 data sets are statistically incongruent with the 5 0 4
concatenation tree ( Figure 3b ). When the 47 data sets are grouped into 6 categories -5 0 5
mammals (11), birds (11), insects (6), fish (5), reptiles (5), and others (9), an ANOVA 5 0 6
analysis finds no significant difference in the proportion of loci rejecting the hypothesis of 5 0 7
TC gene trees among 6 groups (Figure 3c ). Both the two-sample t-test and ANOVA indicate 5 0 8
that the proportion of loci rejecting the hypothesis of gene tree congruence is similar across 5 0 9
groups and data sets. A linear regression line was fit for the log scale of the number of 5 1 0 incongruent loci rejecting the hypothesis of TC gene trees (y) versus the log scale of the 5 1 1 Figure 3d ). This result is consistent with the 5 1 3
previous conclusion that phylogenomic data sets with more loci are more likely to reject the 5 1 4
assumption of TC gene trees; namely, the observed gene tree variation cannot be adequately 5 1 5
explained by gene tree estimation error. Moreover, both ANOVA and linear regression 5 1 6
analyses suggest a constant and high proportion (38%) of loci rejecting the assumption of TC 5 1 7
gene trees across 47 data sets, providing strong evidence for violation of the concatenation 5 1 8
assumption of congruent gene trees in phylogenomic data across the tree of life. When the 22
phylogenomic data sets are grouped by data types -CDS (10), EXON (4), UCE (8), the t-5 2 0
tests for pairwise comparisons find no significant difference (p-value = 0.1) for the 5 2 1
proportion of loci rejecting the assumption of TC gene trees between the CDS and Exon 5 2 2
groups, but the proportions of both groups are significantly (p-value < 0.01) higher than that 5 2 3
of the UCE group (Figure 2e ). This result indicates that the congruent gene tree assumption 5 2 4 of the concatenation model is more likely to hold for the UCE data than for the CDS and 5 2 5
Exon data. 5 2 6
To reduce the potential bias caused by an unfit substitution model, the LRT was only 5 2 7
applied to the loci that fit the GTRGAMMA model. We filtered out 27 data sets with < 5 loci 5 2 8
that fit the GTRGAMMA model and applied the LRT to the remaining 20 data sets. The null 5 2 9
hypothesis of tree congruence was rejected for all 20 data sets with p-value < 0.05. The LRT 5 3 0
on individual loci suggests that 46% of gene trees across 20 data sets are statistically 5 3 1 incongruent with the concatenation tree, which is lower (but not significantly) than the 5 3 2
proportion (48%) when the LRT was applied to all loci of the 20 data sets ( Figure A2 ). 5 3 3
Bayesian model validation 5 3 4
The coalescent methods have been widely used for estimating species trees from 5 3 5 phylogenomic data. Due to computational constraints, however, few studies have evaluated 5 3 6
the fit of the MSC to the multilocus sequences. Here, we validate the MSC model using two 5 3 7
tests based on Bayesian predictive simulation. The first test (i.e., PPS proposed by Reid et al. 5
3 8
(2014)) compares the simulated gene trees with the posterior coalescent gene trees generated 5 3 9
with the MSC prior, whereas the second test (i.e., the independent test) compares the 5 4 0
posterior coalescent gene trees with the posterior independent gene trees generated with the 5 4 1 independent prior. The analysis of 25 Reid et al. data sets found that 8 (32%) data sets failed 5 4 2 either or both of two tests (Figure 4a ), among which 3 data sets were also found to poorly fit 5 4 3 to the MSC by Reid et al (2014; Certhiidae, Tamias, Aliatypus) . However, the xml input
files provided by Reid et al (2014) assumed the HKY and TN93 (+GAMMA) substitution 5 4 5 models for all loci. When the *BEAST analyses were rerun with the GTRGAMMA model, 5 4 6
only two data sets provided were rejected by either or both of two tests (Table 2) . Thus, the 5 4 7
choice of substitution models has major effects on the fit of the MSC. In addition, Bayesian 5 4 8
model validation for the 14 phylogenomic data sets for which the GTRGAMMA model was a 5 4 9
good fit found that 12 data sets failed the first test and all 14 data sets failed the second test. 5 5 0
Thus, the MSC model failed to fit all 14 phylogenomic data sets (Figure 4a ). Since these 14 5
5 1
data sets have more loci than the Reid et al. data sets, it implies that phylogenomic data with 5 5 2 more loci are more likely to reject the MSC. In addition, Bayesian model validation for 5 5 3
individual loci of the 14 phylogenomic data sets found that 10.88% of loci rejected the MSC 5 5 4
( Figure 4b ), significantly higher (p-value < 0.01) than the proportion (4.17%) for the 25 Reid 5 5 5 et al. data sets, indicating that the probability of a locus rejecting the MSC increases as the 5 5 6
number of loci grows. 5 5 7
To evaluate the effect of loci rejecting the MSC on species tree estimation, two 5 5 8 species trees were reconstructed from all loci and only loci that fit to the MSC for each of 14 5 5 9
mammal2017, in which the number of loci rejecting the MSC is 10 and 17, respectively; 5 7 0 Figure 4d ). Other phylogenomic data sets contain insufficient number of loci rejecting the 5 7 1
MSC for the analysis. A two-sample t-test for the overall average GC content (combining two 5 7 2
data sets) and the average GC content of each of two data sets unanimously found that the 5 7 3 difference in GC content between loci rejecting the MSC and loci accepting the MSC was not 5 7 4 significant ( Figure 4d) , showing little evidence for a positive association between high GC 5
7 5
content and poor fit of the MSC. 5 7 6
Bayesian model comparison for MSC versus concatenation 5 7 7
Bayesian model comparison was applied to 31 data sets for which there was no logarithmic scale) of 22 data sets are greater than 100 and the BFs of the remaining 9 data 5 8 0 sets are between 10 and 100. Overall, the high BFs imply that all 31 data sets strongly favor 5 8 1 the MSC rather than the concatenation model ( Figure 5 ). This Bayesian model comparison 5 8 2
analysis is consistent with the LRT results for congruent gene trees, which reject the 5 8 3
concatenation assumption of congruent gene trees and thus favor the MSC for all 47 data sets. 5 8 4
To demonstrate the impact of model assumptions on species tree inference, species 5 8 5 trees were estimated for 4 phylogenomic data sets (Cracids 23 species and 430 loci, 5 8 6
Gallophesants 18 species and 1479 loci, Lizard 29 species and 1852 loci, Shrews 19 species 5 8 7 and 1112 loci, Table 1 ) using concatenation and a coalescent method NJst. We found 3 data 5 8 8 sets (Cracids, Gallophesants, Lizard) for which the concatenation trees were significantly 5 8 9
incongruent with the corresponding NJst trees ( Figure A3 ), indicating that different models 5 9 0 may yield conflict species trees. In the subsampling analysis, the average proportion of 5 9 1 significantly incongruent concatenation trees across 4 data sets is 0.19, much higher than the 5 9 2
average proportion (0.008) of significantly incongruent NJst trees ( Figure A4 ), suggesting 5 9 We thank Noah Reid for sharing 25 multilocus sequence data and the xml *BEAST input 6 8 7
files and Bryan Carstens for the valuable comments. We thank Georgia Advanced Computing 6 8 8 Loci, the bottom number is the count of taxa (or loci) in the original data set; the top number 9 0 7
is the count of taxa (or loci) after data reduction. 9 0 8 
Species tree analysis
For each data set, a species tree is estimated after removal of genes rejecting the H 0 and is compared to the tree estimated from all genes Figure 5 
